Accumulating evidence indicates that central blood pressure (CBP) is a better cardiovascular risk predictor than brachial blood pressure (BP). Although more additional benefits of CBPbased treatment above usual hypertension treatment are to be demonstrated, the demand for implementing CBP assessment in general clinical practice is increasing. For this, the measurement procedure must be noninvasive, easy to perform, and cost-and time-efficient. Therefore, oscillometric devices with the possibility to assess CBP seem the best option. Recently, such an oscillometric BP monitor, the Microlife WatchBP Office Central, was developed, which demonstrated its high accuracy in a validation study against invasive BP measurement. Calibration errors of this device are limited because the procedure is automated, standardized, and performed at the same place of and within 30 s from pulse wave assessment. The transformation from the peripheral pulse wave to CBP is done by means of an individualbased pulse wave analysis according to a theory of arterial compliance and wave reflections. In addition, the device has demonstrated to enable a more reliable diagnosis of hypertension by CBP than by peripheral BP, with a lower frequency of over-and underdiagnosis. Altogether, the available clinical evidence suggests that the Microlife WatchBP Office Central fulfills the criteria for general clinical use.
Introduction
Noninvasive brachial or upper-arm blood pressure (BP) measurement has been the most commonly performed medical procedure for more than a century. This is because it is easily performed and has been demonstrated to be a useful cardiovascular risk predictor. However, the gold standard for BP measurement is invasive BP (IBP) measurement, and although noninvasive BP (NIBP) may correlate fairly well with IBP, values generally differ, and there can be large discrepancies on an individual level [1] . Within the arterial system, the BP in the ascending aorta, referred to as central BP (CBP), is expected to be a better cardiovascular predictor than BP at the arm (peripheral BP) because of its closer spatial relationship with the coronary and cerebral arteries. This hypothesis is supported by accumulating evidence demonstrating that CBP measurement better correlates with cardiovascular risk [2] [3] [4] [5] and is more related to left ventricular mass [6] than peripheral BP measurement. In addition, studies have shown that CBP measurement better distinguishes the effect of antihypertensive treatment [7] [8] [9] [10] . The suspected higher value of CBP as a cardiovascular risk predictor than brachial BP has increased the demand to implement CBP measurement as a standard procedure in the clinical environment. However, IBP by means of cardiac catheterization, which is the most direct and accurate method, cannot be used, and therefore alternatives are needed. The present paper aims at describing alternative methods that may be suitable for general clinical practice and one device in particular: the WatchBP Office Central (Microlife Corp., Taipei, Taiwan, ROC; fig. 1 ).
Applanation Tonometry
The first and most commonly used method for the noninvasive estimation of CBP is applanation tonometry. This method is based on the principle that the sensor applanates (flattens) the arterial wall causing the radius of the wall curvature to become infinite so that the external pressure is identical to the internal pressure and the output totally reflects the internal pressure [11] . Generally, the pressure sensor is placed over the radial or carotid artery to acquire the arterial pressure waveform (PWF). This waveform is then calibrated from an earlier-performed peripheral BP measurement. Subsequently, a generalized transfer function (GTF) is used to transform the radial PWF into a central PWF from which the central systolic BP (cSBP) and central pulse pressure (cPP) are assessed. Although applanation tonometry is more convenient than IBP measurement, it does not seem suitable for routine clinical practice either because it requires skills from the observer, it is time-consuming or the equipment is expensive.
In addition, applanation tonometry is significantly influenced by SBP amplification from the brachial to radial arteries so that the radial waveform is calibrated with an incorrect/ underestimated SBP resulting in consequent underestimation of cSBP [12, 13] , a topic that is explained in more detail later in the current review.
Automated Oscillometric Devices for CBP Measurement
Currently, there are several automated oscillometric BP monitors on the market that claim to enable CBP assessment noninvasively. These devices measure the PWF of either the radial or brachial artery and use different techniques to estimate the CBP value [14, 15] . The procedure is fully automated, does not require more efforts and only needs limited extra time than the standard oscillometric BP measurement. Some of these devices may reach the accuracy and convenience levels that are suitable for regular routine CBP measurement.
WatchBP Office Central
The WatchBP Office Central BP monitor is a validated oscillometric BP monitor [16, 17] that has been extended with the possibility to assess CBP. The device measures brachial SBP and diastolic BP (DBP) noninvasively as usual. However, where the cuff normally totally deflates after the peripheral BP measurement, the cuff now stops deflating at 60 mm Hg cuff pressure (or at diastolic pressure if this is less than 60 mm Hg) to keep a stable pressure on the arteries for approximately 30 s to acquire brachial pulse volume plethysmography (pulse volume recording). During these 30 s, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] PWFs are recorded and analyzed. The time that is needed to determine the CBP value may vary among patients; i.e. with faster heart rate, less time is required for collecting the number of required PWFs. In order to increase accuracy, the average PWF is determined from multiple PWFs. From the average PWF, some characteristic points (parameters) are identified that are directly related to arterial compliance and wave reflections. With these parameters, cSBP and cPP is estimated based on separate multivariate regression equations calibrated to the measured noninvasive brachial SBP and DBP. When sufficient PWFs are obtained and analyzed, the cSBP and cPP are directly calculated [18] . The DBP is not provided and can be calculated as cSBP -cPP [19, 20] .
Validation
The Association for the Advancement of Medical Instrumentation (AAMI) validation protocol for NIBP monitors requires 85 subjects performing 3 measurements, so that 255 data points are obtained. For the invasive validation study, recruitment of ≥ 15 subjects with a minimum of 150 paired observations and a maximum of 10 paired measurements per subject is required [21] . However, currently there are no standardized validation methods for noninvasive central BP monitors although an international task force has been convened to address this issue. Therefore, for the validation of the WatchBP Office Central the most rigorous approach was chosen; 85 subjects were recruited according to the recommendations for noninvasive validation, and all requirements for the invasive reference standard were also fulfilled [20] . IBP was measured using a fluid-filled catheter which was advanced to the ascending aorta via the right radial artery and placed 2 cm above the aortic valve. The oscillometric measurement was performed at the left arm (patients with inter-arm differences of 3 mm Hg or more were excluded). Results showed that the mean differences between noninvasive and invasive cSBP, cPP, and DBP (with SDs) were -0.6 ± 5.5, -0.4 ± 7.0, and -0.2 ± 6.5 mm Hg, respectively, well within the 5 ± 8 mm Hg defined by AAMI SP10 [22] .
Pulse Wave Analysis versus GTF
The high accuracy of the Microlife device may be largely ascribed to a new method that is used which enables direct analysis of the PWF, herein referred to as pulse wave analysis (PWA). Figure 2 demonstrates the parameters obtained by means of brachial pulse volume plethysmography with the WatchBP Office Central that are used in a multivariate prediction model [19] as presented with the formula: predicted aortic SBP = 0.465 × SBP2 + 0.465 × ESP + 0.490 × As -0.069 × Ad -0.753. The parameters that are used for calculating cSBP and cPP directly are related to arterial compliance [the points at onset and end of diastole, end of systole (ESP) and the areas under the curve during systole (As) and diastole (Ad)] [23] and to the intensity of pressure wave reflection [late systolic shoulder (SBP2)] [24] .
PWA is more specific for the individual patient than the method using GTF for estimating CBP [25] . The GTF is based on population average and does not take into account individual characteristics such as age, gender, and disease status. For this reason, significant errors in CBP estimation may exist as a consequence of individual variations [26] [27] [28] . In addition, some GTF-based devices calculate cPP by subtracting cuff DBP from cSBP because clinical evidence showed that central DBP does not significantly differ from peripheral DBP [19] . However, calculating cPP this way appears to be less accurate than the directly assessed cPP by means of PWA as the GTF-based method bears measurement errors for both cuff SBP and DBP [25] .
Differences between IBP and NIBP Measurement
IBP measurement is considered to be the gold standard of BP measurement in general. Manual BP measurement assessed by a qualified observer using a mercury BP monitor is considered to be the gold standard of NIBP measurement. However, invasively measured BP values are generally not similar to NIBP values. This may sometimes lead to confusion when central (invasive) BP is noninvasively estimated.
Studies comparing IBP with NIBP using mercury devices showed that IBP is generally higher (7-25 mm Hg higher) than NIBP for SBP values [29, 30] and lower for DBP values [29] . Since mercury devices are used for validating oscillometric and auscultatory devices [31, 32] , the same differences with IBP measurement may be expected for these devices as for the mercury sphygmomanometers. Ribezzo et al. [33] demonstrated this in a randomized crossover trial among 50 adult patients with an average auscultatory BP value of 125/63 mm Hg (200 comparisons). Compared with IBP measurement, both auscultatory (aneroid) and oscillometric systolic values were significantly lower (-9.74 ± 13.8 and -10.80 ± 14.9 mm Hg, respectively), where DBP values were significantly higher (5.13 ± 7.1 and 3.62 ± 6.0 mm Hg, respectively). However, systolic IBP does not always appear higher than NIBP. In a study of 87 infants (postmenstrual age ranging from 26 to 52 weeks) with very low mean BP values (from the 243 measurements, 132 were lower than 40 mm Hg), NIBP measurement overestimated IBP values particularly in smaller and sicker infants at lower IBP. The mean BP was 9 mm Hg higher for NIBP measurement than for IBP measurement. In addition, the authors concluded that NIBP measurement led to an unacceptable degree of overestimation at mean IBP of less than 40 mm Hg [34] . These findings indicate that NIBP measurement overestimates at low IBP and underestimates at higher IBP values. In their study, Wax et al. [35] showed among 15,310 subjects that NIBP was likely to be higher than systolic IBP at lower IBPs, and NIBP was likely to be lower than IBP at higher IBPs, with crossover points estimated at 111 and 90 mm Hg for systolic and diastolic IBP, respectively. Although the above findings might give a good overall impression about the average differences between IBP and NIBP values, individual characteristics (age, height, weight, heart rate, etc.) can also influence the difference between these values. In addition, Murray and Gorven [1] showed that the pressure contour can affect the difference as subjects exhibiting prominent inotropic pressure pulses had significantly greater differences between NIBP and IBP than patients not exhibiting them.
Differences between Central and Peripheral BP Measurement
Apart from the difference between IBP and NIBP measurement, the place of measurement is also of influence. Due to the changing vessel characteristics and degree of wave reflection, the shape of the PWF changes continuously throughout the arterial tree [36] . The PWF travels from the elastic central arteries to the stiffer peripheral arteries so that the upper portion of the wave becomes narrower, the systolic peak becomes more prominent, and systolic pressure increases [37] . In addition, the wave is a sum of a forward and a reflected wave, and because the wave reflection (augmentation) is more abundant at the peripheral tree, the wave and thus SBP are higher than in the ascending aorta. Consequently, radial BP is higher than brachial BP for both IBP [38] and NIBP [39] values. Although the wave reflection theory may provide a plausible description of CBP morphology, recent studies indicate that the influence of wave reflection on CBP may be less than initially assumed due to wave dispersion along the aorta and entrapment of reflected waves in the periphery. Accumulating evidence has shown that the reservoir function has a significant contribution to the augmentation of CBP [40] . The aortic reservoir represents the buffering role of the highly elastic proximal aorta, and the reservoir pressure is the minimum hydraulic force needed for the ventricle to generate the blood flow. The magnitude of aortic reservoir pressure highly depends on the arterial compliance because high compliance prevents excessive pulsatility in BP and left ventricular power expenditure. When compliance decreases, the reservoir function becomes impaired and lowers the pressure buffering capacity. This leads to augmented BP and results in left ventricular hypertrophy due to the increased myocardial load. The reservoir pressure is highly correlated with changes in proximal aortic volume, and parameters from the reservoir wave can predict cardiovascular events and correlates with left ventricular mass [40] [41] [42] . The excess pressure integral is the difference between the measured BP waveform and reservoir pressure, and is a measure of the extra work needed by the left ventricle. The excess pressure integral, which also accounts for wave reflection, has shown to indicate cardiovascular dysfunction and to be an independent predictor of cardiovascular events [42] .
Issues Related to Calibration

Point of Calibration
If PWF is assessed at the radial artery but calibration for SBP is performed at the brachial artery, this could result in an underestimation of radial systolic, mean, and pulse pressure because of brachial-to-radial pressure amplification [12, 13, 43] . In order to compensate for this pressure difference, an algorithm implemented in GTF, PWA or alternatives may be needed [37, 44] . Still, thus far this calibration procedure has been a potential cause of error, which applies to both calibration based on SBP and DBP and on mean arterial pressure (MAP) and DBP. For calibration based on MAP and DBP, it is thought that there is not much change through the arterial tree [45] , and therefore it may be a better choice for calibration purpose [46] . Wassertheurer and Baumann [47] demonstrated in their prospective study of the association of peripheral (brachial) SBP and cSBP and all-cause mortality that only cSBP assessed with mean and diastolic pressure calibration was significantly related to mortality. cSBP calibrated with peripheral SBP and DBP did not significantly predict mortality. A similar finding was obtained by Protogerou et al. [48] who showed that 24-hour cSBP had a significantly stronger association with left ventricular mass index when the calibration was done with mean and diastolic BP than when calibrated with systolic and diastolic pressure values. However, the use of SBP and DBP, or MAP and DBP, is likely device specific because, for example, the WatchBP Office Central might produce a large error in cSBP when using MAP and DBP for calibration [49] .
Short-Term BP Variability
Calibration of most devices is done with an oscillometric device. Apart from the fact that the whole measurement depends on the accuracy of that device, the time delay between the oscillometric measurement and the pressure wave assessment may have its influence due to short-term BP variability [50] , which is particularly related to aortic stiffness in hypertension [51] . This indicates that a larger time interval between calibration and PWF assessment may increase the chance of inaccurate CBP values.
BP Monitor Used for Calibration
If calibration is performed with a BP monitor separated from the device that measures the PWFs, the calibration device significantly influences the CBP value. Not only different types of calibration devices (aneroid or oscillometric) [52] but also different validated oscillometric monitors can lead to different results as each manufacturer has its own algorithm. In order to pass the AAMI protocol, the mean difference from the reference (mercury sphygmomanometer) must be 5 mm Hg or less [21] . In theory, this means that two validated oscillometric devices could still differ on average 10 mm Hg from each other. In addition, validated devices from the same manufacturer demonstrated inter-device differences of almost 4 mm Hg for SBP [53] and more than 3 mm Hg for DBP [54] .
Overall, calibration is prone to error [26, 45, 55] , which suggests consensus is needed regarding the procedure as different methods and/or equipment may lead to different CBP values [56] .
Higher Central than Peripheral BP Values
Despite the fact that invasive peripheral BP is higher than CBP due to pressure amplification, sometimes oscillometric CBP monitors, such as the WatchBP Office Central, may present lower peripheral than central BP values. Although this seems to be a contradiction, it makes sense if one has a full understanding of the device and different BP measurement methods. As previously described, cuff-based peripheral NIBP is not the same as IBP. The first one is based on and validated with mercury sphygmomanometers that underestimate systolic intra-arterial BP values higher than approximately 110 mm Hg [35] , and this can easily lead to a difference of more than 10 mm Hg [29] . Since the degree of systolic pressure amplification depends on a number of variables, some people have less pulse wave amplification, e.g. subjects of short stature or those with a low heart rate, and thus a smaller difference between peripheral and central BP [37] . If the difference between IBP and NIBP is greater than the difference caused by amplification from central to peripheral arteries, then the device shows a lower peripheral BP than the central BP value.
Sphygmocor: The Gold Standard?
Most studies of CBP measurement are performed by means of applanation tonometry using a Sphygmocor device. For this reason, the device is often referred to as the gold standard for noninvasive CBP assessment or used as a 'validation' tool [57, 58] . However, because of earlier-described problems related to NIBP calibration and influence of observer bias [59] , it does not fulfil the requirements for validation, leaving IBP measurement as the only option for proper validation. This means that, according to a recognized protocol, oscillometric CBP monitors that are not compared against IBP measurement cannot be considered validated.
Use in Clinical Practice
CBP-Based Treatment
Currently, 2 randomized clinical trials have demonstrated the usefulness of treatment based on CBP measurement and augmentation index as compared to conventional therapy [60, 61] . Borlaug et al. [60] demonstrated among 50 patients (23 intervention and 27 control patients) with heart failure that, after 6 months, subjects who were randomized to active treatment were more likely to receive additional vasoactive therapy leading to greater improvement in peak oxygen consumption as compared with controls (1.37 ± 3.76 vs. -0.65 ± 2.21 ml min -1 kg -1 , p = 0.025), with similar reductions in aortic augmentation. Sharman et al. [61] showed among 286 patients that CBP-based hypertension management resulted in significantly less medication needed to achieve BP control than usual care without adverse effects on left ventricular mass, aortic stiffness, or quality of life.
The different results of these studies are highly related to the way usual care was performed: in the study by Sharman et al. [61] , treatment was based on a variety of tests (office BP, 7-day home BP, 24-hour ambulatory BP, two-dimensional left ventricular mass index, symptoms, and other clinical considerations as per absolute cardiovascular risk), whereas Borlaug et al. [60] relied solely on office BP measurement. In addition, there was a difference in cut-off values for CBP measurement: Sharman et al. [61] used age-and sexspecific normative cSBP values derived from a large population study [62] and defined the normative range as within +1 SD from the mean normative values. Borlaug et al. [60] aimed at reducing the augmentation index to 0% with maintenance of cSBP in the range of 85-100 mm Hg. The above examples illustrate the need for standardized threshold values for CBP.
Normal Values
For use in routine general practice, clinicians need guidance on how to interpret the measured CBP values. For this, a threshold definition is a first requirement. Although still under debate, Cheng et al. [63] presented a promising proposal. Based on their study with a derivation cohort of 1,272 individuals and a median follow-up of 15 years using the relationship of CBP and cardiovascular mortality as an outcome, the authors came to systolic/ diastolic threshold values of 110/80 mm Hg for optimal BP and 130/90 mm Hg for hypertension, respectively. Subsequently, the derived thresholds were tested in a validation cohort of 2,501 individuals with a median follow-up of 10 years. Compared to optimal BP, the risk of cardiovascular mortality increased significantly in subjects with hypertension (hazard ratio: 3.08, 95% confidence interval: 1.05-9.05) [63] .
The Microlife WatchBP Office Central was investigated for its diagnostic accuracy, i.e. the ability to detect hypertension, in clinical practice using the proposed threshold values [64] . In 138 subjects (aged 30-93 years) without previous use of antihypertensives and a hypertension prevalence of 52% (invasive CBP ≥ 130/90 mm Hg), simultaneous automatic pressure readings were performed with the cuff of the CBP monitor placed on the left arm and an arterial catheter advanced into the ascending aorta at 2 cm above the aortic valve through the right radial artery. The reference hypertension (yes/no) was based on IBP measurement (threshold: ≥ 130/90 mm Hg for hypertension) which was compared with noninvasive peripheral BP measurement (threshold 140/90 mm Hg) and noninvasive CBP measurement (threshold: 130/90 mm Hg) using the WatchBP Office Central. The accuracy of diagnosing hypertension based on noninvasive peripheral BP measurement showed a sensitivity of 49% and a specificity of 94%, whereas for noninvasively measured CBP, the sensitivity and specificity values were 93 and 95%. The authors concluded that, under the assumption that direct IBP measurement in the aorta (invasive CBP) is the best cardiovascular risk predictor, peripheral NIBP often leads to underestimation of invasive CBP and therefore fails to detect high BP, which could be prevented by using noninvasive CBP estimation [64] .
Cost-Effectiveness of CBP Monitoring
Another part that is required before noninvasive CBP assessment could be implemented in routine healthcare is the cost-effectiveness of using this new method for diagnosing hypertension. Recently, lifetime costs and quality-adjusted life years (QALYs) were estimated for CBP and peripheral BP monitoring using a Markov cohort model [65] . Model calibration and probabilistic sensitivity analysis on primary care representatives, in 10-year age brackets, from age 35 to over 75 years of age showed that CBP-based hypertension management was more cost-effective than management based on peripheral BP for men and women across all age subgroups. Mean incremental cost-effectiveness ratios ranged from GBP 226 to 2,750 (USD 350-4,250; conversion rate October 2015) per QALY gained, which is far below the threshold of e.g. GBP 20,000 (USD 30,930) per QALY gained according to NICE. This suggests that the long-term benefits of improved diagnostic performance justify the cost increase. However, more research on this topic is needed as e.g. the additional benefits could be mainly related to more intensified treatment so that the same results might be obtained when using a lower peripheral BP threshold value for hypertension management.
Conclusion
According to the available evidence, the Microlife WatchBP Office Central seems potentially well-suited to use in the primary care setting ( table 1 ). The measurement procedure does not take much more time than regular BP measurement and is less operator dependent than handheld tonometry. The device is highly accurate as demonstrated in an extended validation study, and the procedure may be cost-effective. The reason for its accuracy may be largely ascribed to the automated standardized calibration procedure which is performed with the same device that assesses the PWF and takes place within 30 s from PWF assessment at the same artery. This decreases the chance of errors due to inter-device differences, shortterm BP variability and pulse wave amplification. The automated standardized calibration procedure might not demonstrate its advantage during clinical validations, in particular, but probably will be more relevant when used by many healthcare professionals during routine clinical practice. The transformation from peripheral to central PWF is performed by means of PWA according to a theory of arterial compliance and wave reflections to calculate cSBP and cPP directly, which may be more reliable than GTF, at least for cPP. Finally, the device has shown to allow the diagnosis of hypertension based on IBP values. Altogether, the available evidence suggests that the WatchBP Office Central is an easy to use oscillometric device that can provide a convenient and reliable CBP estimation.
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